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Abstract Cigarette smoke is a contributory factor for
the cardiovascular disease, lung diseases and cancers
as the dominant illnesses. The proteomic analysis of
bovine aortic endothelial cells (BAECs) exposed to
cigarette smoke has been performed in the broad
(Non-linear pH 3-11) and narrow (Linear pH 4-7)
range by using two-dimensional gel electrophoresis
(2-DE). Out of an average 950 spots observed in 2-
DE gels under pH 3-11, the expression level of 25
proteins significantly increased with an increase of
cigarette smoke extract (CSE) level, whereas 21 pro-
teins were strongly down-regulated. In narrow (4-7)
pH range analysis, 80 proteins showed a significant
change in expression level as compared with control.
Some of the proteins were found to show similar spot
intensity patterns in both the linear (4-7) and non-
linear (3-11) pH ranges. Most of the proteins iden-
tified in both pH conditions were found to be in-
volved in apoptosis, inflammation, transcription mo-
dulator, signal transduction pathway, ROS pro-
duction, cell proliferation and extracellular structure
formation. In addition, extracellular structural pro-
teins also responded to apoptotic signaling as an in-
dicator. The findings of the present study can be used
as an early biomarker to indicate the risks of cigarette

smoke related diseases and also in the design of new
therapeutic and diagnostic approaches to control th-
ese diseases.

Keywords Cigarette smoke, Endothelial cells, 2-
dimensional electrophoresis (2-DE), Comparative pro-
teomics

Cigarette smoking is a serious health problem known
to be associated with oxidative stress1, activation of the
inflammatory systems and vascular abnormalities2.
The majority of individuals chronically exposed to ci-
garette smoke eventually result in cardiovascular di-
sease, lung diseases and cancers as the dominant ill-
nesses3,4. During the last few years, many research
efforts have focused extensively on the role of ciga-
rette smoking as a cause of cardiovascular disease in
the epidemiologic and biomedical mechanisms5-10.
However, despite the major cardiovascular health im-
plications of cigarette smoke exposure, their role in
cardiovascular cell dysfunction that leads to car-
diovascular disease development is still being explor-
ed. The cigarette smoke generates more than 4000
chemical compounds which can lead to alterations
such as post-transcriptional modifications and protein
cellular functions. Therefore, it is important to explore
the protein responses to cigarette smoke in addition
to changes at the mRNA levels11. Moreover, identifi-
cation of the cigarette smoke-induced/reduced pro-
teins would provide useful information in understand-
ing the role of endothelial cells in cardiovascular home-
ostasis under normal conditions and in disease states.

Previous studies12,13 probing smoking-effects have
focused on few selected proteins, and traditional pro-
tein identification techniques such as Western blott-
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ing. These have resulted in identification of only a few
numbers of responsive proteins in endothelial cells14.
Also, these techniques can identify only one protein at
a time, and are limited by the availability and quality
of specific antibodies. Recently, there have been some
reports on the comprehensive view of the physiologi-
cal state and individual’s susceptibility to the adverse
effect of cigarette smoke using proteomic tools15,16.
However these approaches relating quantitative dyna-
mic analysis and the molecular/cellular mechanisms
are still at an early stage of development. Nevertheless,
the extended proteomics (along with protein sequence
data and enhanced MS technology) have been propos-
ed as a powerful tool for the predictions and delinea-
tion of various regulatory mechanisms. A new approach
has been focused on the toxicological changes rele-
vant to cellular phenomenon such as cell proliferation,
chronic inflammation, and induction/inhibition of apo-
ptosis. Toxicoproteomic approach is currently being
employed to evaluate the protein changes associated
with these functional changes17,18.

In the present study, the overall protein expression
pattern of bovine aortic endothelial cell (BAEC) was
studied during the treatment of cigarette smoke ex-
tract (CSE). Since the cigarette smoking is now under-
stood as a major risk factor for endothelial dysfunc-
tion19, the detailed proteome analysis results could be
useful in understanding the disease pathway and the
function of molecular disease markers. Moreover, bo-
vine endothelial cells are an economical alternative sui-
table for the studies of endothelial function and en-
dothelial metabolism, especially in co-culture of spe-
cies-matched bovine arterial smooth muscle cells20.

Comparative research of its proteomic responses
against the different concentration levels of cigarette
smoke extract was performed by 2D-gel and image

analysis. A significantly different protein expression
pattern between the control and the CSE-exposed
BAEC was observed and demonstrated in detail on
the synthesis level. Proteins and peptide masses were
analyzed by automated matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) mass
spectrometry and were matched with the theoretical
peptide masses in the ExPASy database, and their func-
tional characteristics in the cellular metabolisms were
then elucidated. To understand CSE-induced changes
in the BAECs proteome, we focused on the identifica-
tion of disappearing and appearing spots, as well as
up- and down-regulation of spot intensities in broad
nonlinear (3-11) and narrow linear (4-7) pH range con-
ditions.

Effect of CSE and protein expressions on an
immobilized pH 3-11 non-linear wide range 
gradient strip

Due to the CSE-induced differences in protein expre-
ssion related oxidative stress and apoptosis dose-de-
pendence21, BAECs was treated with 3 and 5% CSE
for 24 h. For each protein sample, 2-D SDS-PAGE
analysis was repeated 4-8 times, and after silver-
staining an average 2-DE gel image was constructed
for comparative analysis using the ImageMaster soft-
ware (Amersham Pharmacia Biotech, NJ, USA). Con-
centration dependent whole protein profile was com-
pared with untreated BAECs. Initially, 2-DE was carri-
ed out on total whole-proteins using a broad range pH
(3-10) immobilized pH gradient for the first dimen-
sion. Figure 1 shows a typical 2-DE profile in the pH
range from 3 to 11. Approximately, 950 spots were
visualized on each averaged gel image; in control (0%),
3% and 5% CSE- treated BAECs (Figure 1). The spot
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Figure 1. Silver stained 2-D SDS-PAGE gels showing 46 protein spots listed in Table 1. The red circle indicated induced pro-
teins [○]; and the blue indicated repressed proteins [□]. Control, (A); CSE 3% treatment (B); CSE 5% treatment (C).

(A) Control (B) BAEC 3% (C) BAEC 5%



intensity was calculated for each spot, and spot with
fold changes in spot intensity compared with the con-
trol value 1 for the CSE-untreated BAEC. A total of
46 unique proteins were identified and are listed in
Table 1. Eventually, the expression ratios above 1 indi-
cate induction, and those below 1 indicate repression.
The results were mainly focused on the following pro-
teomic behavior of CSE: (i) the synthetic levels of 25
proteins (A1-A25) were significantly induced after ex-
posure to 3% CSE and the high levels were maintain-
ed in proportion to an increase of CSE level to 5% and
(ii) 21 proteins (B1-B21) were significantly repressed
for a prolonged exposure period at both concentrations
(3% and 5%) of CSE. Moreover, proteins which were
proportionally up-regulated by more than 10-fold or
repressed by less than 0.1-fold in the difference bet-
ween control and CSE-treated BAECs were highlight-
ed. 

Effect of CSE and protein expressions on an
immobilized pH 4-7 linear narrow range gradient
strip

To understand the effect of CSE on BARCs proteome
in detail we also performed an analysis in the narrow
acidic (4-7) pH. According to a previous proteome
study, not only wide pH gradient such as 3-11, which
can give an overview of the total protein expressions
of cells are in demand but overlapping narrow immo-
bilized pH gradients are also to be used for more spe-
cialized and detailed research and in microprepara-
tive separations22. In this pH range, a total of 80 pro-
teins showed a significant change in the expression
level when compared with control. Spots with fold
changes in spot intensity by more than 1 as well as by
less than 1 were analyzed first and are tabulated in
Table 2. Out of them, 43 proteins (a1-a43) were up-
regulated and 12 proteins (b1-b12) were down-re-
gulated upon treatment with CSE. More interestingly,
some proteins showed very similar spot intensity ch-
ange patterns in the two pH ranges, linear gradient 4-
7 and non-linear gradient 3-11, (Interferon-alpha/beta
receptor chain (IFNAR), Vascuolar ATP synthase sub-
unit H (ATP6V1H), Glial fibrillary acidic protein
(GFAP), Cartilage oligomeric matrix protein (COMP)
and Adenosine deaminase (ADA), see Table 1 and 2).

Then, 25 differentially appearing and disappearing
protein spots were identified and are listed in Table 3.
Moreover, Figure 2 displays the 2D pattern of BAECs
treated with 3% and 5% CSE and analyzed in the
narrow (4-7) pH range. A number of protein features
were either lost or appeared upon the change in con-
centration of CSE. 6 proteins (F1-F6) present on basal
gels were not detectable following treatment with CSE,
and 17 proteins could not be identified on control

gels but were found on CSE treated gels (C1-C11 and
D1-D6). The other 2 protein features (E1 and E2)
were present on basal, but were down-regulated on
3% CSE gels but disappeared under 5% CSE condi-
tion.

Some examples of change in spot features are shown
in Figure 3. Figure 3A and B illustrates 2 set of pro-
tein features that appear and disappear upon CSE treat-
ment. In Figure 3A, proteins identified as secreted pro-
tein acidic and rich in cysteine (SPARC, C9), 40S ribo-
somal protein SA (RPSA, C10), Calbidin (CALB1, C11)
and similar to epsilon isoform of 14-3-3 protein (D1),
appears to be expressed or activated by CSE treatment.
Figure 3B shows that protein features, marked as F1,
F2, F3, and F6 that disappear upon CSE treatment,
correspond to Collectin-43 precursor (CL43), Actin,
aortic smooth muscle (ACTA2), Myocilin (MYOC), and
A-kinase anchor protein 5 (AKAP5), respectively.

Discussion

Comparative proteomic analyses of cigarette smoke-
responsive proteins between 3% and 5% CSE expo-
sure were performed by using linear and nonlinear 2-
DE analysis, and significant expression differences were
found. To improve the resolution and enhance the detec-
tion of low abundance proteins, we used two differ-
ence pH gradient conditions (pH 3-11 non-linear wide
range and pH 4-7 linear narrow range gradient strip).
Eventually, out of an average 950 spots observed in
2-DE gels under pH 3-11, the expression level of 25
proteins significantly increased with an increase of
cigarette smoke extract (CSE) level, whereas 21 pro-
teins were strongly down-regulated. 

Protein-overexpression involved in apoptosis

To obtain a more accurate understanding of some
proteins due to exposure to CSE, we first focused on
Rho-GTPase-activating protein (spot A15). This pro-
tein has been significantly enhanced when exposed to
low concentration of CSE (3%) and the high level of
expression has been maintained at exposure to 5%
CSE. The Rho family of small GTPase is involved in
several important cellular processes, for example, gene-
expression regulation, molecular travelling between
subcellular organelles, cell proliferation and apopto-
sis23. The overexpression of Rho-GTPase has earlier
been reported to contribute to the tumorization24. More-
over, it can be regulated both positively and negative-
ly; through guanine nucleotide exchange factors (GEFs)
and the Rho-GTPase activating proteins (RhoGAPs).
Being the negative regulator, Rho-GTPase activating
proteins (RhoGAPs) can depredate the function of Rho
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proteins by improving the GTPase activity, which mo-
dulates the proapoptotic cellular processes, consisting
of signal-caspases for programmed cell death25,26. In
the present work, the abundance of a spot containing
Rho-GTPase-activating protein has been observed to
drastically induce by 15-fold when cells were exposed
to 3% CSE thereby identifying it as a potential marker
in apoptotic cellular response.

Many metabolic agents that induce apoptosis are
either oxidants or stimulators of cellular oxidative meta-
bolism. It is currently believed that reactive oxygen
species (ROS) and the resulting oxidative stress play
a pivotal role in apoptosis21. In line with previous
studies, oxidative stress seems to be closely linked to
the accumulation of alcohol dehydrogenase (ADH).
ADH is the primary enzyme responsible for the oxi-
dation of ethanol that occurs in many organisms and
facilitates the inter-conversion between alcohols and
aldehydes or ketones with the reduction of nicoti-
namide adenine dinucleotide (NAD++ to NADH). The
spot of A19 was barely detectable in control (Figure
1A), but a significant spot appeared after exposure to
3 and 5% CSE. Taken together, RhoGAPs, and the
resulting ADH induction can be a part of a signal
transduction pathway leading to apoptotic cell death.

Protein-overexpression involved in inflammation

The differently expressed proteins listed here can be
classified into two groups. The first group which in-
cludes RhoGAPs and ADH has already been con-
sidered as an apoptotic factor. Both of them responded
drastically when cells were exposed to lower concentra-
tion (3%) of CSE and maintained their expression
activity in 5% CSE exposure. Interestingly, others in-
cluding Adenosine deaminase (ADA, A17), DNA me-
thyl transferase (DNMT2, A18) and Glycine cleavage
system H protein (GCSH, A22), were accelerated to
express over 10-fold following 5% CSE treatment. So
it is assumed that the second group may be involved
in some different biological category, which responds
to high level of CSE expose, in terms of secondary
apoptosis and inflammatory. It has been reported27

that the excessive presence of signal of apoptotic and
the accumulation of dying cells can lead to the cellu-
lar inflammation responses. That is, because the fail-
ed clearance of apoptotic cells was believed to contri-
bute to the pathological processes such as inflamma-
tion and they tried to understand how apoptotic cells
are processed and cleared and how this process affects
the recruit inflammation process through caspase acti-
vity anslysis. However, we show that Adenosine dea-
minase, DNA methyltransferase and Glycine clea-
vage system H protein were expressed in high abund-
ance at 5% CSE condition, and they may be involved
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in phagocytic clearance process upon the induction of
apoptosis and inflammation.

We observed an induction of Adenosine deaminase
(ADA) to a level of 15.4-fold versus controls. Adeno-
sine deaminase (ADA) consists of two major princi-
pal isoenzymes: ADA1 and ADA2. In particular, ADA2
has a greater connection with adenosine and has been
mainly found in macrophages28. Macrophages release
ADA2 when stimulated by the presence of patholo-
gical microorganism and are likely to contribute to
the control of inflammation because accelerated ATP
metabolism occurs in chronic inflammatory diseas-
es29. Eventually, the induction of ADA proteins by
CSE-expose in high levels can also induce differen-
tiation of monocytes and stimulates proliferation of
Th-cells and other macrophages that are associated
with inflammation pathway.

DNA methyl transferase (DNMT, A18) displayed
significant induction in abundance of about 8-fold for
3% CSE and 30-fold for 5% CSE. It has been reported
that the inflammatory cytokine IL-6 is able to induce
the maturation and differentiation of immune cells
and is also capable of inducing DNMT expression and
its activity30. Moreover, they demonstrated that the bio-
logical activity of IL-6 might be also modulated by
DNMT in a cooperative manner. However, we postu-
late that the high-dose exposure to CSE directly affect
the inflammatory cells, which can lead to induction
of DNMT by releasing IL-6.

Finally, Glycine cleavage system H protein (GCSH,
A22) showed more than 10-fold abundance compared
to control level while cellular exposure to 5% CSE.
The glycine cleavage system, also known as the gly-
cine decarboxylase multienzymatic complex, is com-
posed of four mitochondrial components (the T-, P-,
L-, and H- proteins)31. As a crucial part of the glycine/
serine metabolic processes, this system can be rege-
nerated by the oxidized H-protein activity. The mecha-
nism of the immunosuppressive effect as anti-infflam-
matory immunonutrient has been reported32 and in
their study, glycine acts on inflammatory cells such
as macrophages to suppress activation of transcrip-
tion factors and inflammatory cytokines. The trans-
criptional activator of GCSH expression in genetic
study is not known well, but GSCH induced on 2-DE
in the present study may promote more rapid glycine
consumption, thereby triggering apoptosis and inflam-
mation process.

Down regulation of transcription modulator

We observed significant repression of Seryl-tRNA
synthetase (SARS, B6) to a level of about 0.25 and
0.025 fold (relative to control) at 3% and 5% CSE,
respectively. SARS is essential protein in cytoplasm,
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which is responsible for the aminoacylation of cog-
nate transfer-RNAs with serine specifically. In an
earlier study, SARS mediated transcriptional repres-
sion has been reported during vascular development.
That is, SARS protein located in nucleus repressed
VEGF-A mRNA transcription, thereby permitting
normal vascular development. Moreover, the corre-
lation between VEGF and apoptosis in cigarette smo-
kers has been demonstrated recently33. They propos-
ed that a certain factor derived from cigarette smok-
ing may induce VEGF mutations and apoptosis. Based
on this earlier report and our data, we hypothesize that
it might be due to the reason that SARS down-regula-
tion by CSE exposure results in induction of VEGF
and its mutation and it eventually activates apoptosis
pathway in BAECs. However, it still remains an unre-
solved questions that whether SARS directly interacts
with VEGF gene promoter and modulates its trans-
cription level, or acts by an indirect mediator. In addi-
tion, it is also to be checked whether SARS repres-
sion activates VEGF mutation directly or not.

Regulation of signal transduction pathway 

S-arrestin is one of the cytosolic proteins that can only
form complexes with transmembrane receptors after
agonist stimulation and phosphorylation by the G
protein coupled receptor kinase34,35. That is, it can be
understandable that arrestin binding to the receptor
blocks further G protein-mediated signaling. It is cur-
rently believed that most endogenous transmembrane
receptors appear to signal in a balanced fashion using
arrestin and G protein-mediated pathway. We postu-
late that arrestin reduction and/or interaction interfer-
ence between arrestin and its receptors could stimu-

late G protein-mediated pathway. Eventually, signal-
ing results in the activation of apoptosis responses. We
observed significant repression of S-arrestin (SAG,
D13) when cells were exposed to CSE 5%, but not at
3%. Arrestin repression seems likely to be associated
with CSE-dose. To date, there have been very few
reports which regard arrestin as carcingogens36,37. They
have demonstrated that over-regulating arrestin ex-
pression induced the growth and apoptosis. The beha-
vior of arrestin of 5% CSE treated BAECs in the pre-
sent study show good agreement with that of earlier
studies.

Internal ROS production and cell death 

NADH dehydrogenase (Ubiquinone) iron-sulfur pro-
tein 3 (NDUFS3, B14) displayed a reduction in abund-
ance of about 10-20% for CSE treated cells. NDUF3
is core subunit of the mitochondrial membrane respi-
ratory chain NADH dehydrogenase (complex I) that
is believed to belong to the minimal assembly requir-
ed for catalysis. It has been reported that disorders asso-
ciated with complex I deficiency mostly lead to multi-
system disorders thereby affecting brain, muscle and
the heart38. Especially, in terms of ATP production
chain, complex I deficiency may lead to an increase
in the reactive oxygen species (ROS) production in
mitochondrial. Excessive ROS formation may induce
the over expression of a variety of genes and trans-
cription of death effector genes, as has already been
studied well39. Therefore, we can conclude that re-
duced NDUFS3 levels following CSE exposure may
indicate induced cell death signaling, apoptosis.

In the cell mediated immune system, apoptotic cells
and their components can be urgently digested, which

Mol Cell Toxicol (2014)  10:135-148 143

Figure 2. Silver stained 2-D SDS-PAGE gels showing 25 protein spots listed in Table 2. Proteins marked with the red circle
were found to be appearing by CSE treatment [○]; and the blue indicated proteins that were disappeared [□]. Control, (A); CSE 3%
treatment (B); CSE 5% treatment (C).

(A) Control (B) BAEC 3% (C) BAEC 5%



is essential for avoiding an innate immune responses,
such as inflammatory responses25,40. Therefore, apo-
ptotic cell expresses their patterned probe on the cell
surface during apoptotic cellular processes that allow
the selective endocytosis of an abnormal cell. One of
distinguishable feature of apoptosis is that the endo-
membrane structure is degraded41, suggesting that
critical changes in secretory pathway might occur, for
example, dispersal of Golgi complex and inhibition of
trafficking during apoptosis. It has been observed that
apoptotic cell failed to accumulate target protein in
Golgi apparatus under destroying early secretory path-
way (ER-Golgi trafficking)42. In line with their observa-
tion, our proteome analysis also explains the reduced
abundance of Transmembrane emp24 domain-contain-
ing protein 9 (TMED9, B16). TMED9 is involved in
vesicular protein trafficking, mainly in the early secre-
tory pathway. Therefore, the reduced TMED9 may
contribute to impair membrane trafficking by CSE ex-
pose in BAECs, thereby leading to apoptosis.

Reduction of tumor-inducer proteins

Our results have also shown a significant reduction in
Annexin A2 (BCL2L14, B20), and Dihydrofolate re-
cuctase (DHFR, B21) when cells were exposed to high-
er dose of (5%) of CSE. First of all, the effects of
cigarette smoking on lung cancer has been previously

reported that Annexin A2 and Dihydroforate reduc-
tase were highly expressed in a majority of tumors43,44.
Annexin A2 has been implicated in cell-cell adhesion
and in plasminogen activation and may function as a
cell surface receptor in a predominantly membrane pat-
tern. Tetrahydrofolate and its derivatives play an impor-
tant role in cell proliferation and growth. As a key
factor, DHFR has an essential role in the regulation
of tetrahydrofolate function. That is, since DHFR is
responsible for the levels of tetrahydrofolate, the inhi-
bition of DHFR can limit proliferation of cell that is
characteristic of cancer. Hence, reduced Annexin A2
and DHFR levels following high-dose CSE expose
may indicate induced cell death signaling.

Comparison of protein profiles with narrow range
pH: Linear pH 4-7

Spots of interest with reproducible intensity and pattern
differences observed in the broad range pH 3-11 2-
DE gels were mainly monitored and identified in the
acidic regions. Therefore, CSE induced protein differ-
ence was analyzed using linear pH 4-7 strips and a
detail spot analysis was performed. Table 2 listed
proteins, which showed up-and down-regulated expres-
sion under exposure to CSE. Among them, overex-
pressed spots identified Interferon-alpha/beta recep-
tor chain (IFNAR, a6)27, Vascuolar ATP synthase sub-
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Figure 3. Close-up images of representative 2-DE gel images showing intensity changes; (A) Appearance and (B) Disappear-
ance.



unit H (ATP6V1H, a10), Cartilage oligomeric matrix
protein (COMP, a11)33, Glial fibrillary acidic protein
(GFAP, a17)45 and Adenosine deaminase (ADA, a19)29,46

were observed in both pH conditions. Major classifi-
cation of the identified proteins was involved in im-
mune response, transcription/translation and cytoske-
letal-related proteins. Furthermore, we were particu-
larly interested in those proteins that were found to
appear and disappear on 2-DE gels after CSE treat-
ment. Overall, twenty-five proteins were found in the
pH 4-7 analytical range, out of which 17 spots appear-
ed and 16 spots disappeared after CSE treatment
(Figure 2 and Table 3). Functional classification of the
identified proteins revealed cytoskeletal-related pro-
teins (MYOC, MMP13, KRT8, FN, ACTA2, Myoglo-
bin precursor, Actin binding protein capG), secretory
proteins (CHGA, SPARC), metabolic processes (CAL
B1, PLA2G2D2, DBI), transcription/translation relat-
ed proteins (POU5F1, RPSA, AKAP5) and proteins
involved in immune system (DQB4, CL43). Many of
the identified proteins were involved in extracullular
structure of cells, which were found to appear under
3% and 5% CSE treatment. Our results indicate that
structural protein in apoptotic signaling response could
serve as an inducer. In particular, Matrix metallopro-
teinase 13 (MMP13, C2) was found to be appearing
at CSE 3% and spot intensity showed more than 4-
fold abundance compared to base level upon cellular
exposure to 5% CSE. This protein is mainly expressed
in the skeleton as required for restructuring the colla-
gen matrix. As understanding of MMP13 activity, it
has been suggested that MMP-dependent extracellu-
lar proteolysis seems likely to be important to several
neuronal cellular activities45. While, Mycilin (MYCO,
F3), which is believed to have a role in cytoskeletal
function disappeared when cells were exposed to CSE
at both 3% and 5% (Figure 3). Interestingly, it was pre-
viously shown that MYOC aggregates could induce
ER stress and lead to apoptosis47. Moreover, cigarette
smoking affects to induce an unfolded protein response
in the human lung48. Therefore, the observed disappear-
ance of MYOC might be a result of protein aggrega-
tion/misfolding by CSE expose.

In conclusion, various protein profiles of BEACs
were identified after exposure to cigarette smoke ex-
tract at different concentrations (0, 3% and 5%) and
investigated by 2-DE-based proteome analysis. In
broad pH range 2-DE gel analysis, most of the pro-
teins identified are involved in apoptosis, inflamma-
tion, transcription, signal transduction, ROS produc-
tion, cell death progress, tumorization and extracullu-
lar structure of cell. Major protein change shown in up-
regulation was DNA methyltransferase, while NADH
dehydrogenase iron-sulfur protein 3 (NDUFS3) was

significantly down-regulated at 5% CSE treatment.
Areas of interest with reproducible spots observed in
pH 3-11 2-DE gels were mainly monitored in the acidic
regions. Analysis of pH 4-7 provided details of spot
analysis in that area. From the comparative proteome
analysis in narrow pH range 4-7, several proteins were
evaluated. More specifically, we focused on the iden-
tification of disappearance and appearance of spots,
as well as up- and down-regulation of spot intensities
under different concentration (0, 3 and 5%) of CSE.
These findings can be potentially used as early biomar-
kers to indicate risks of cigarette smoke related diseas-
es and also offer prospects for the development of
new therapeutic and diagnostic approaches.

Materials & Methods 

Preparation of cigarette smoke extract

The aqueous cigarette smoke extract (CSE) was pre-
pared as described in an earlier publication49, by using
a Erlenmeyer flask containing 30 mL of phosphate-
buffered saline (PBS, pH 7.4). The cigarette smoke
was bubbled through this solution with the help of a
tube. A commercially available cigarette (THIS Plus,
Korean Tobacco and Ginseng Company, Inc., Dae-
jeon, Korea) was installed at one end of the tube and
the smoke from a lit cigarette was allowed to bubble
slowly through the PBS by continuous aspiration with
a water vacuum pump connected to the side-arm of the
flask. After consecutive pumping with 3 lit cigarettes,
the resulting suspension was filtered through a 0.2μm
filter, and then stored in aliquots at -70�C for differ-
ent experiments. In the absence of any standard for
CSE three cigarettes smoked into 30 mL medium were
taken to yield 100% cigarette smoke extract (CSE) and
this was applied to endothelial cultures after dilution
with culture medium. The CSE concentrations used in
the present study are 0, 3 and 5%. 

Cell culture and CSE treatment

Bovine aortic endothelial cells (BAECs) were isolated
as described previously50 and were maintained in MEM
supplemented with 5% NCS at 37�C under 5% CO2-
20% O2 air. The endothelial cells were evaluated by
light microscopy and by a positive indirect immunofluo-
rescence test for the von Willebrand factor VIII com-
plex. Cells between 5th and 7th passages were used in
the present study. BAECs were further incubated for
24 hours in MEM supplemented with 0.5% NCS. For
CSE treatment, BAECs cultured at 80% confluency
were then subjected to CSE at 0, 3 and 5% concen-
trations for different times. 

Mol Cell Toxicol (2014)  10:135-148 145



Sample preparations for two-dimensional
electrophoresis

The cells as described in above were detached from the
culture dishes, transferred to a 15 mL centrifuge tube
and were pelleted by centrifugation at 500 g for 5 min
at room temperature. The pellet was resuspended in
1.5 mL ice-cold PBS, transferred to an Eppendorf
tube, and again centrifuged for 10 s at 15,000 g. The
pellet was then resuspended in 1× packed cell volume
of cold 25 mM Tris-HCl, pH 7.4, containing 0.5 mM
EDTA, 0.5 mM EGTA, and 1 mM PMSF by flicking
the tube and leaving it on ice for 15 min. The superna-
tant was discarded and the pellet was resuspended in
2/3 pcv of ice-cold 20 mM Hepes, pH 7.5, containing
20 mM KCl, 1.5 mM MgCl2, 25% glycerol, 420 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.25
M sucrose, and 1 mM PMSF. After incubation on ice
for 30 min while stirring, the suspension was centrifug-
ed at 15,000 g for 5 min at 4�C. The protein concentra-
tion was determined by Bio-Rad protein assay kit (Her-
cules, CA, USA) using bovine serum albumin as a
standard. The supernatants were kept at -80�C until
used for 2-DE. 700 μg proteins were resuspended in
rehydration solution (8 M urea, 2% w/v CHAPS, 0.005%
w/v bromophenol blue; final volume, 350 μL). Urea
and 3-[(3-cholamidopropyl) dimethyl-ammonio]-1-
propanesulfonate (CHAPS), Tris, dithiothreitol (DTT),
bromophenol blue, Triton X-100 and sodium dodecyl
sulfate (SDS) were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). 

2-DE and image analysis

In the first step of 2-DE, IEF was performed on a Phar-
macia Biotech IPGphor Electrophoresis System at 20
�C. Non-linear pH 3-11 and linear pH 4-7 immobiliz-
ed gel strips (18 cm, Amersham Pharmacia Biotech,
Uppsala, Sweden) were rehydrated overnight by plac-
ing the strips gel-side-down in sample-containing rehy-
dration solution in the IPGphor strip holder and cover-
ing with the DryStrip Cover Fluid (Amersham Pharma-
cia Biotech, NJ, USA). The samples were loaded with
intracellular protein concentrations of 700 μg for 2-
DE analytic gels with Seablue plus2 marker (Invitro-
gen, CA, USA). IEF was performed for 2 h at 500 V,
for 0.5 h at 1000 V, for 0.5 h at 2000 V, for 0.5 h at 4000
V, and finally maintained 70000 V*h at 8000 V in the
IPGphor for analytical and preparative gels. Next, the
IPG gel strips were equilibrated for 15 min in equili-
bration solution (50 mM Tris-HCl, pH 8.8, urea 6 M,
glycerol 30% v/v, SDS 2% w/v, bromophenol blue trace),
in 1% w/v DTT for 15 min, and then in 2.5% w/v iodo-
acetamide for 15 min. Equilibrated gel strips were plac-
ed on a 12.5% polyacrylamide gel, and the second di-

mensional separation was carried out using a PRO
TEAN II Xi cell system (Bio-rad, Ca, USA) in a cold
chamber at 4�C. SDS-PAGE was carried out at 30 mA/
gel for 12 h until the bromophenol blue reached at the
bottom of the gel. Silver stained gels were scanned using
UMAX powerlook 1100 scanner. ImageMaster soft-
ware v 4.01 (Amersham Pharmacia Biotech, NJ, USA)
was used for the gel image analysis including quanti-
fication of the spot intensities which is done on a
volume basis (values were calculated form the inte-
gration of spot optical intensity over the spot area). 

MALDI-TOF mass spectrometric analysis and
protein identification

MALDI-TOF mass spectrometry analysis was carried
out as previous protocol with some modifications51.
Enzymatic digestions were performed overnight at 37
�C in stationary incubator using 10-15μg/mL of sequ-
encing grade modified trypsin (Proma, WI, USA) in
25 mM ammonium bicarbonate (pH 8.0). In the gel,
digested peptide fragments were extracted from gel
pieces using solution prepared by adding 5% v/v tri-
fluoroacetic acid to 50% v/v acetonitrile followed by
vortexing for 1 h. After repeating it three times, sol-
ute materials including peptide fragments were dried
down by vacuum centrifugation. Ziptip column (Milli-
pore, Bedford, USA) in which C18 resin is fixed at the
end of the tip was used to eliminate impurities of sam-
ples. The peptide solution was prepared with an equal
volume of saturated α-cynao-4-hydroxy-cinnamic acid
solution in 50% ACN/0.1% TFA on a sample plate of
MALDI-TOF mass spectrometer. Protein analyses
were performed using MALDI-TOF mass spectrome-
try system (Voyager DE-STR, PE Biosystem, Framing-
ham, MA). Spectra were calibrated using a matrix and
tryptic autodigestion ion peaks as internal standards.
Peptide mass fingerprints were analyzed using the MS-
Fit (http://prospector.ucsf.edu/). The identification of
a protein with respective theoretical parameters (pI,
molecular mass) was accepted if the peptide mass ma-
tched with a mass tolerance within 10 ppm. The acce-
ssibility of such data has been revolutionized by the
use of internet protocols such as SWISS-2D-PAGE
(http://www.expasy.org/).

Abbreviations BAEC, Bovine aortic endothelial cells;
CSE, Cigarette Smoke Extract; 2-DE, Two-dimensional gel
electrophoresis; MALDITOF/TOF MS, Matrix-assisted
laser desorption ionization time-of-flight mass spectrome-
try; PMF, peptide mass finger-printing; ExPASy, Expert
Protein Analysis System.
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